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I. IMKOOUCTiON 

A number of polycyclic aromatic hydrocarbons (PAH) cause malignant tumors 
in experimental animals, and the evidence that they can and do cause (i.e., 
increase the incidence oO cancer in man has been best documented by 
epidemiologic studies showing increased rates of cancer in men exposed to PAH 
either through occupation or through cigarette smoking. These occupational 
studies, and many other aspects of PAH-associated human cancer, are discussed 
at length in Volume 3 of the “International Agency for Cancer Research Mono- 
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graphs on che Evaluation of Carcinogenic Risk of Chemicals to Man” (24) and 
reviewed again in ‘‘Supplement 1 of the Monographs” (25). The supplement 
summarizes the current position as follows: ‘'Occupational exposure to coal- 
soot, coal-tar and pitch, coal tar fumes and some impure mineral oils causes 
cancer of several-sites, including skin, lung, bladder,.and gastrointestinal tract, ” 
Interested readers are directed to these reports for details and references to 
original papers. The occupational studies are also discussed briefly in an earlier 
chapter by Guerin (!3) and his Table VII gives many literature references. We 
will concern ourselves here only with studies of those occupational exposures 
that appear to have some relevance to the cancer risk of the general population. 

The general population is exposed to PAH through air pollution, food, and 
water. Except for special occupational groups, however, the major human cancer 
risk associated with PAH is undoubtedly that caused by cigarette smoking, Only 
by understanding and taking account of the very strong relationship between 
cigarette smoking and lung cancer can one have any hope of quantifying the risk 
from PAH exposure from air pollution, and we will therefore begin this chapter 
by discussing what we know about the quantitative relationship between cigarette 
smoking and lung cancer. On this basis we will then discuss the potential lung 
cancer risk from air pollution. Compared to the risk of lung cancer, other risks 
from air pollution must be considered negligible—this is clear from consideration 
of the carcinogenic effects of cigarette smoking (4, 9)—and we will not discuss 
these other potential effects further. 

The potential risk associated with PAH consumption in food and water is 
extremely difficult to study epidemiologically and probably for this reason has 
received little attention in the epidemiologic literature. What is known about the 
epidemiology of stomach and colorectal cancer does not suggest that PAH con¬ 
sumption in food is a major cause of cancer at either site {16, 21), and no studies 
have been reported even correlating PAH consumption with such cancers. It 
would be surprising if no risk at all was associated with oral consumption of 
PAH, but prediction of such effects will have to be made on the basis of animal 
experiments. However, it should be noted that by smoking 20 cigarettes a day, an 
amount associated with a substantial risk of lung cancer, one is breathing in less 
than 1 jLtg benzo(aIpyrene (BP), and this amount certainly does not exceed by 
much the amounts of BP consumed in food (/). 


II, CIGARETTE SMOKING AND LUNG CANCER 

The epidemiologic evidence implicating cigarette smoking as the major cause 
of lung cancer is overwhelming. Those still interested in pursuing the evidence 
are referred to an earlier chapter by Hoffman et al. (25), where the evidence is 
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briefly discussed, and to the latest report of the Surgeon General ’’Smoking and 
Health” [4). We wish to concentrate on what these studies have to teach us both 
about what precautions we need to take in evaluating the lung cancer risk from.air 
■pollution and about quantitating this risk. 

We can summarize much of what is known about the epidemiology of lung 
cancer in three fairly simple equations. 

Among “never-smokers” the lung cancer incidence rate at age r (i.e., the 
probability of being diagnosed with lung cancer within the next year given that 
one is alive without a diagnosis of lung cancer at age /) may be written (5) 

/o(r) = aU - 2)^-- (1) 

where the subscript 0 signifies zero cigarettes per day, and the constant a is 
roughly 0.2 x 10“". For an American smoker of c cigarettes per day starting at 
age w the lung cancer rate at age ; may be written 

l,(t) = + 2.5acit-w-2y-'' (2) 

Equation (1) for never-smokers describes the age incidence curve in the 
mathematical form that holds for many non-hormone-dependeni epithelial tumors 
(3), and Eq. (2) adds a cancer incidence of the same mathematical form arising 
from smoking, The cancer incidence curve arising from smoking only begins of 
course after smoking has begun, and the term (f-w-2) is the duration of 
smoking to age t minus a minimum “latent period” of 2 years. 

For a smoker of c cigarettes per day starting at age w and stopping at age s, the 
lung cancer incidence at age t may be written 

aU-2)*--’ + 2.5ac(s-wy-^ (3) 

for f greater than {s + 2) with the obvious modifications for f between 5 and {s 
+ 2). Equation (3) thus assumes that the added incidence from cigarette smoking 
remains constant at the level it had reached when smoking stopped (32). 

Equations (l)-(3) are not meant to imply that lung cancers “caused” by smok¬ 
ing are separable (even conceptually) from tumors not so caused, nor that smok¬ 
ing affects only one “stage” of the lung cancer process (i2), but rather, as we 
stated above, the formulas are to be regarded simply as a mathematical shorthand 
summarizing much of our knowledge of lung cancer epidemiology. 

The major features of lung cancer epidemiology described by Eqs. (1-3) are 
illustrated in Tables I-IIl. The facts are as follows: 

1. At any given age the lung cancer rate increases in direct proponion to the 
number of cigarettes smoked per day (Table I). 

2. The relative risk at any given level of number of cigarettes smoked per day 
increases with age (Table IB). 
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Calculated Lung Cancer Incidence in Continuing Cigarette Smokers 
Starting to Smoke at Age 20 


No. cigarenes 
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per day 

40 
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A. Incidence/100,000 


0 

2.6 

7.4 

17.2 

35.3 

20 

7.0 

39.9 

145.8 

403.0 

40 

11,5 

72.4 

274.3 

770.8 


B. Relative risks compared to never-smoker 

20 

2.7 

5.4 

8.5 

11.4 

40 

4.5 

9.8 

15.9 

21.9 


3. The risks associated with smoking are very large. A one-pack-a-day smoker 
has, at age 60, some S.5 times a never-smoker’s incidence of lung cancer (Table 
IB). 

4. The risks associated with smoking depend strongly on age at starting to 
smoke, i.e., on duration of exposure (Table II). The lung cancer rate of a 
one-pack-a-day smoker at age 60 is increased roughly 66% by starting smoking 5 
years earlier (cf. starting at age 15 to starting at age 20 or starting at age 20 to 
starting at age 25 in Table IIB). Compared to starting smoking at age 20, each 
year earlier starting increases the lung cancer rate by roughly 12% and each year 
later starting decreases the rate by roughly the same amount. 

5. Stopping smoking (i.e., becoming an exsmoker) at any age has a marked 
beneficial effect on lung cancer incidence rates (Table IE). The lung cancer rate 


Calculated Lung Cancer Incidence in Continuing Cigarette Smokers 
of 20 Cigarettes per Day by Age at Start of Smoking 
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among persons who have stopped for 10 years is only some 40-50% of the rate 
they would have been subject to if they had continued to smoke the same number 
of cigarettes per day (first diagonal in Table IIIB). Similarly, the lung cancer rate 
among persons who have'stopped for 20 years is less than 20% of the fate in 
continuing smokers, and among persons who^have stopped for 30 years the lung 
cancer rate is only some 12% of the rate in persons continuing to smoke. Stop¬ 
ping after only 10 years smoking leaves the exsmoker with a lung cancer rate 
less than 5% greater than the rate in a never-smoker 20 years later at age 50 
(Table IIIC). However, stopping after 30 years of smoking, at age 50, leaves the 
exsmoker with a lung cancer rate more than double the nevcr-smokers rate 20 
years later at age 70 (Table IIIC), but only one-fifth the rate of the continuing 
smoker (Table IIIB). 

The figures shown in Tables I-IIi are in excellent agreement with the large 
cohort studies of cigarette smoking and lung cancer {4,5, 9, 10). Even these large 
cohort studies cannot, however, investigate all facets of the model represented by 
Eqs. (.I,p-( 3 ), but it is very reasonable to assume that use of these formulas to 
predict lung cancer risk under differing circumstances is unlikely to lead us far 
astray. 

TABLE III 


Calculated Lung Cancer Incidence in Never-Smokers and Smakers of 20 Cigarettes per Day 
Starting to Smoke at Age 20 by Age at Stopping 


No. cigarettes 
per day 

Age at 
stopping 

No. years 
smoked 


Age 


40 

50 

60 

70 



A, Ineidcnce/100,000 




0 

— 

— 

2.6 

7,4 

17.2 

33.3 

20 

— 

— 

7.0 

39.9 

145,8 

403,0 

20 

' 30 

10 

2.9 

7.7 

17.6 

35.6 

20 

40 

20 

— 

14.5 

24.4 

42.4 

20 

50 

30 

— 

— 

61.6 

79.6 

20 

60 

40 

— 

— 

— 

197.2 


B. Relative risks compared to not stopping 
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C. Relative risks compared to nonsmokers 
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In the first volume of this work, Hoffman et al. (23) discussed various 
methods, such as use of filter tips or reconstituted tobacco, for reducing the 
“tar” content of cigarettes. They pointed out that the major carcinogenic activity 
of cigarette snaoke msides in the particulate phase of the smoke (the tar), and that 
there is good experimental evidence that cigarettes with lower tar yields are less 
mmorigenic to both d»e larynx of hamsters and mouse skin. One would therefore 
naturally assume that, at the same cigarette consumption, users of “low tar” 
cigarettes will have lower lung cancer rates, unless the mode of smoking (i.e., 
number of puffs per cigarette and depth of inhaling) is markedly increased in low 
tar smokers. This has been borne out in all the epidemiologic studies that have 
investigsited this question. A number of case-control studies have found that 
people who smoke filter tip cigarettes do have lower lung cancer rales compared 
to smokers of plain cigarettes at the same consumption level {2, 40, 41), and 
Hammond et al. (20) found in the American Cancer Society (ACS) cohort study 
that persons smoking low-tar cigarettes did have a reduced risk of lung cancer 
when compared to high-tar cigarette smokers (matched, of course, for numbers of 
cigarettes smoked per day). 

Table IV shows the results of the ACS studyr the lung cancer mortality ratios 
are clearly not decreased in proportion to tar content in men, but they are nearly 
so in women. This latter suggests that the added lung cancer risk is close to being 
simply proponional to tar content, with the failure to find a proportional reduc¬ 
tion in men arising from the low-tar male smokers having switched from high-tar 
cigarettes. As Hammond er al. (20) explain 

Cigarettes with reduced tar and nicotine were not introduced until the mid 1950’s.... Almost 
all of the male cigarette smokers and the great majority of the female cigarette stTiokers in our 
study began smoking cigarettes long before that date. Therefore the subjects classified here as 
low (tar) cigarette smokers were, with few exceptions, persons who smoked high [tar] or 
mcdhim (tar) cigarettes for many years and then switched to low [tar] cigarettes. 

TABLE IV 

Lung Cancer Mortality Ratios for High, Medium, 
and Low “Tar” Cigarette Smokers for the Period 
1960-1972" 


high iJU) 

Medium (22.S) 
Low (15) 


“ From Hammond et at. (20). 

*’ Estimated from Hammond el al. {20). 

'■ Estimated from Fig. 7 of Hammond ei al. [20). 



Source: https://www.in{justrydocuments.ucsf.e(ju/docs/mqbjOOOO 








8. Quantifying Cancer Risk from Smoking and Pollution 323 

Differing tar content of cigarettes may be incorporated into Eqs. (2) and (3) by 
expressing cigarette consumption in terms of equivalent numbers of “standard” 
cigarettes. The formulas as written apply to .cigarettes with a tar content of some 
30-35 mg and to “average” American smoking practices. Smoking practice is, 
of course, not only a function of depth of-inhalation, but also of number of puffs 
per cig^tte and butt length. A most notable example of this is seen when the 
results of British and American studies on lung cancer are compared: in Britain 
the lung cancer risk associated with smoking a given number of cigarettes is 
almost twice as high as in the United States {!7,38'), and this is probably mainly 
attributable to the British mode of smoking cigarettes, in particular, it may be 
noted that around 1960 the average butt length in Britain was only 19 mm 
compared to3I mm in the United States (6,7 7). These extra I2mm at the “end” 
of the cigarette will contribute a substantial amount of tar since the amount of tar 
derived from equal-sized puffs increases rapidly as the cigarette becomes shorter 
U2, 33), 

In quantitating the effects of industrial exposure to PAH in air, it is necessary 
to have a cigarette-lung cancer model that can accommodate a change in ciga¬ 
rette consumption (or equivalently, a change in tar levels). In the “spirit” of Eq. 
(3) we may write, for a smoker starting smoking Cj cigarettes per day at age Wj 
and then changing to Cg cigarettes per day at age wg, the lung cancer incidence at 
age t as 

+ 2.5ac,Ait-w,-2r-^' - (4) 

for t greater than (w^ + 2) with the obvious modifications for t between and 
(u’i + 2). Equation (3) is a special case of Eq. (4) with c., = 0. Equation (4) 
assumes that on changing the number of cigarettes per day the increment in lung 
cancer incidence from there on will be as if Che new level of cigarette smoking 
had been adopted when smoking began. 

Equation (4) almost certainly gives too much emphasis to the new smoking 
level. An alternative is 

+ 2.5ac.,(t -~w. 2 , + r' -w,-2y-'’ (5) 

ror i greater man \v.,, wfiere 
r' - 

Equation (5) assumes that on changing the number of cigarettes per day from c, 
to C;i at Wj the age incidence curve moves over to that applicable to at the time 
(duration of smoking) point which makes the incidence on the c-> curve equal to 
the incidence on the c, curve at w.,. Equation (5) probably gives too little 
emphasis to the new smoking level. [Note that if c-, is greater than c, then rates 
calculated from Eq. (4) will always be higher than rates calculated from Eq. (5).} 
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III. AIR POLLUTION AND LUNG CANCER 

The occurrence of PAH and particularly BP in “urban” air was reviewed in 
earlier chapters (/, /-5). Large-scale studies of BP in the air of the United States 
were conducted between 1958 and 1959 by Sawicki et al, (37). At that time the 
range of BP. values in urban air was from less than 1 ng/m® to around 60 ng/m^: 
some representative values are given in Table V, and the median concentration 
was roughly 6 ng/m^. In contrast, BP concentrations in air at nonurban sites were 
almost always less than 1 ng/m^ with a median concentration of 0.4 ng/m^. Since 
that time BP concentrations have decreased, and by 1969 the median BP concen¬ 
tration in air at urban sites was down to less than 2 ng/m*'^ (31), However, some 
cities were still experiencing average annual levels of BP approaching 10 ng/m®. 

Not surprisingly, BP is neither a perfect indicator of PAH in the air nor of its 
carcinogenicity. Sawicki (36) reported that the amount of BP in the air is highly 
correlated with total PAH, but this will not be true if the source of the pollution is 
very different (e.g., automobile exhaust in one area and coal burning in another), 
and in this situation BP may be even a less constant proportion of the car¬ 
cinogenicity of the total air pollution tar (7/, 22). The latter point is particularly 
important since BP constitutes only a small proportion of the carcinogenicity of 
both air pollution and cigarette tar in experimental situations {11,27,39). Never¬ 
theless, BP is a widely available indicator of PAH and is the best indicator 
available of the potential carcinogenicity of general air pollution. 

A man breathes some 15 of air per day so that living in air containing BP at 
a concentration of 10 ng/m^ one would breathe in some 150 ng BP per day. This 

TABLE V 

Average Benzotajpyrene (BP) 

CunceiUrations in the Air of U.S. Cities 
for the Period July, 1958 to Jure, 1959" 


City 

Average BP 
concentration 
{ng/m») 

Atlanta 

6 

oinningnuin 

_ 

Ciocinnati 

11 

Dctmit 

15 

Los Angeles 

3 

Nashville 

18 

New Orleans 

4 

Philadelphia 

8 

San Francisco 

2 


" From Sawicki et al. {37). 
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is roughly the equivalent of 5 old-style cigarettes (23). It is, therefore, not 
unreasonable to assume that this level of pollution, which was very common only 
20 ye^s ago, may cause a significant, amount, of lung cancer. One does not. 
breathe as if one were smoking, however, and it is therefore important to study 
the problem directly. This proves to be-difficult to do satisfactorily, since any 
such investigation has to be especially careful to ensure that any observed effect 
is not attributable to differences in smoking habits between high- and low-pollu- 
tion areas. As we have seen, the lung cancer rate is affected not only by the 
number of cigarettes smoked, but by the tar content of the cigarette, by how far 
down the cigarette is smoked, and by the age at starting to smoke; all these 
aspects of smoking habits have to be considered. 

Since accurately allowing for all these smoking factors is clearly not possible, 
we must look either for an “extreme" situation in which minor smoking habit 
differences can be ignored or for data on lung cancer rates in nonsmokers in areas 
subject to different levels of pollution. Men employed in certain occupations 
involved in the making of coal gas or coke are exposed intermittently to levels of 
BP in air up to 16,000 ng/m® (26); such workers clearly provide us with an 
opportunity to study lung cancer effects in an extreme situation. We will discuss 
those studies of occupational exposure next and then finally compare the results 
suggested by these studies to the observed "urban/rural” ratio of lung cancer 
rates in never-smokers. 


A. British Gasworkers 

In a prospective study, Doll et al. (7.8) followed a cohort of carbonization 
workers in a number of British gasworks for up to 12 years. These carbonization 
workers were exposed to an estimated average air exposure of 3,000 ng/m^ BP 
during an 8-hour shift (26); and these “exposed" workers experienced a 142% 
increase in lung cancer mortality rates when compared to the rates in their 
“unexposed" workmates (Table VI). (Note that 75% of newly diagnosed lung 
cancer cases are dead within a year and 90% within 3 years, so that distinguish¬ 
ing between incidence and mortality is therefore not particularly critical.) 

Aithougn me smoking naoits or only some 10% ot the cohort were ascertained 
by Doll and his colleagues (7), it is clear that the exposed and unexposed workers 
had very similar smoking habits with an average current cigarette consumption of 
just over 10 cigarettes per day (Table VI). It is reasonable therefore to assign the 
excess lung cancer in the exposed group to their working conditions and specifi¬ 
cally to the air pollution to which they were exposed. 

For those years during which the worker was actually exposed, his average 
daily exposure to BP expressed in air pollution equivalent terms, i.e.. as if he had 
breathed such air throughout each day, would be 
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TABLE VI 

Smoking Habits and Lung Cancer Mortality Rate of British Gasworkers 







Continuing smokers (’%) 







Cigarcttes/day 



Nonsmokers 

Exsmokers 





Lung cancer 

Populanon 

(%) 

(%) 

Pipe 

Mixed 

!-9 

10-19 20 + 

death rate'’ 

“Exposed” 

gosworkers 

Other 

8.3 

10.2 

6.7 

4.4 

IS.] 

38.5 13.9 

3.61 

gas workers 

5.8 

15.3 

5.9 

6.2 

17,8 

35,5 13.4 

1.49 


Per 100,000 per year standardized for age. 

3000 ng/m^ x 0.27 => 810 ng/m^ BP-AP 

where 0.27 = 5/7 x 49/52 x 0.4... 5/7 is the proportion of working days in a 
week, 49/52 is the proportion of working weeks in a year, and 0.4 is the propor¬ 
tion of air breathed at work in a working day; and writing the BP exposure as 
BP-AP (i .e., BP-air pollution) is to remind us that BP exposure has been expressed 
as average exposure and that BP is being considered as a marker of the carcino¬ 
genicity of the air. 

To quantitate the excess lung cancer risk in a way that will make it applicable 
to general air pollution, a number of additional facets of the workers* exposure 
must be estimated. From our discussion of smoking-related lung cancer, we 
found that both the current age of the person and his age at starting to smoke were 
important in determining his risk of lung cancer. It is therefore obvious that both 
current age and age at starting work as a carbonization worker will be important 
in determining a carbonization worker’s lung cancer risk. From the papers of 
Doll et al. (7. 8) one may estimate the average age of the workers at the midyear 
of the study to be about 58 years and their average length of time exposed as 23 
years. However, this does not necessarily imply that their average age at starting 
such employment was 35 (i.e., 58-23) years, since “the men regularly change 
from one type of work to another” (5). We have, therefore, considered the two 
extreme possibilities: that they started such work at age 20 or that they started 
such work at age 35. In both situations we assume, however, a 23-year exposure 
by age 58 years. 

I. Exposure Starts at Age 20 

Over the 38 (58—20) years since starting to work the exposed worker would be 
exposed at work to an average of 
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. 810 ng/m^ X 23/38 = 490 ng/'m-' BP-AP 

(where, 23/38 is the proportion of working life exposed), again measured in air 
pollution equivalent terms. It is this exposure that "caused” the 142% increase 
in lung cancer risk. This increase is, however, in a lung cancer rate as determined 
by smoking habits averaging about 10 cigarettes a day. Such smoking habits in 
British unexposed workers would be responsible for some 87% of the lung cancer 
rate [this figure of 0.87 is obtained from Eq. (2) with c = 20 to allow for twice 
the effect of “British cigarette smoking” and w * 20]. We may express the three 
relevant lung cancer rates in terms of the rate in the unexposed workers, so that 

“background” rate = 0.13 
unexposed workers rate = 1.0 
(smoking 10 cigareiies/day) 

and 


exposed workers rate = 2.42 
(smoking 10 cigarettes/day) 

An additive rather than a multiplicative (or synergistic) model for the com¬ 
bined effect on lung cancer risk of cigarette smoking and air pollution would 
appear more likely to reflect accurately the truth. Thus, since age at starting to 
smoke and age at starting exposure are nearly equal, we may write 

iO British cigarettes = 1.0 ~ 0.13 = 0.87 
and 


490 ng/m'^ BP-AP « 2.42 - 1.0 = 1.42 

Using these two equations, it is a simple matter to express BP-AP in British 
cigarette terms; we find 

30.0 ng/m® BP-AP - 1 British cigarette 


or 


1 n nn 1 r. 




2. Exposure Starts at Age 35 

The preceding equating of 15 ng/m^ BP-AP with 1 U.S. cigarette was based 
on the assumption that the 23-year average exposure of the carbonization workers 
started at age 20. If instead we make the opposite extreme assumption that they 
started work at the latest possible time, i.e., at age 35. then during their life as 
carbonization workers they were exposed to 810 ng/m'^ BP-AP tsee above). To 
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express this exposure in cigarette equivalent terms we need to use Eqs. (2) and 
(4). , 

Equation (2) with t = 58» w = 20, and c = 20 (2 x lO.British cig^ettes) gives 
us the lung cancer rate in unexposed workers, and Eq. (4) with t = 58, h’, = 20, 
c^ = 20, Wo' — 35, and some unknown will give us the rate in exposed 
workers. [Note that we are assuming here that exposure starting at age 35 is 
equivalent to smoking an additional (c^-c,) cigarettes per day from then on.] 
We saw that the results of Doll et al. {8} showed that the ratio of these rates 
(exposed/unexposed) was 2.42, and solving Eq. (4) to make this true gives us a 
value of c’a of 53.2. Thus, we may write 

810 ng/m" BP-AP = (53.2 - 20) 

= 33,2 U.S. cigarettes 


or 


24.4 ng/np BP-AP = 1 U.S. cigarette 


This is up from the 15.0 ng/m® BP-AP when we assumed that the exposure 
began at age 20. If instead of using Eq. (4) we use Eq. (5), we find 


810 ngjmp BP-AP = 74.0 U.S. cigarettes 


or 


10.9 ng/m^ BP-AP = 1 U.S. cigarette 

This is down from the 15.0 ng/m® BP-AP when we assumed that the exposure 
began at age 20. 

We do not know which of these assumptions about age at starting as a carboni¬ 
zation worker is closer to the truth, and taking the evidence as a whole we 
interpret this study as showing that approximately 

[5 iig/m^ BP-AP = I U.S. cigarette 

We may now use this last equality and Eq. (2) to predict two quantities of 
epidemiologic interest, namely, the relative lung cancer rates in never-smokers 
exposed to different levels of air pollution and the “lifetime'’ risk of lung cancer 
from such exposure. 

never-smoker with lifelong exposure to air pollution at a level of b ng/m^ 
BP-AP will have a lung cancer incidence rate at age t of 

4n=(U = + 2.5a{bn5) 

[This is Eq. (2) with w = 0 and c = bl\5.] The relative lung cancer incidence 
rates in never-smokers exposed to different levels of air pollution can be easily 
calculated from this and the results are shown in Table VII. These predictions can 
be compared to direct epidemiologic studies of these relative rates (see below). 
The above formula [i.e., may also be used to calculate for never- 


O 

Ch 

ca 

o 

Co 

o 

Qa 


Source: https://www.industrydocuments.ucsf.edu/docs/mqbj0000 

















8. Quantifying Cancer Risk from Smoking and Poirution 


329 


TABLE VII 

Calcuia^d Relative Lung Cancer 
Incidence in Never-Smokers 
Subject to Different Levels of BP- 
AP when 15 ng/m^ BP-AP is 
Equated to One’U.S. Cigarette 


BP-AP 

(ng/m^) 

Relative 

incidence 

rate" 

0 

1.00 

0.4“ 

1.07 

1 

1.17 

.2 

1.33 

5 

1.83 

6‘- 

2.00 

10 

2.67 


" Relative to a race of 1.00 in 
ciever-smokers exposed to a zero level 
of BP-AP. 

‘‘ Median value in “rucal” areas 
in 1958-1959. 

'■ Medial value in ''urban'' areas 
in 1958-1959. 

smokers exposed to different levels of air pollution both the cumulative incidence 
of lung cancer over a “standard lifespan” of 70 years and also diat part of it 
arising from the air pollution—some illustrative results are given in Table VIII 
(these values may be compared to a calculated background cumulative rate of 

435/100,000). 

TABLE VIII 

Calculated Cumulative Lung Cancer 
Incidence to Age 70 Due to Dv^ercat 
Levels of BP-AP when 15 ng/ra’ 

BP-AP is Equated to One 0^. 

L-lgUIL’llC 


BP-AP Cumulative incidence 
(ng/m^) rate/100,000 


0.014 

1 

0.1 

7 

1 

73 

5 

363 

10 

724 

20 

1443 
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B. United States Coke-Oven Workers 

Lloyd and his colleagues (29, 35) found in their cohort studies of United States 
steelworkers that coke-oven workers experienced a substantial excess risk of lung 
cancer. W.hen compared to “nonoven” workers at the same plants, the coke- 
oven workers as a group had 2.8 times the lung cancer mortality rate, and 
coke-oven workers who had more than five years “topside” exposure had 6.9 
times the lung cancer mortality rate. No data were given on the smoking habits of 
these workers or those of unexposed workers, on length of employment, age, or 
average BP exposure. However, Jackson et ai (25) found average BP concen¬ 
trations on the battery roof of a coke manufacturing plant of 6700 ng/m®. If this 
is taken as the BP exposure of the topside workers then these results are remark¬ 
ably compatible with those of the British carboniiation workers discussed above. 

The British caitonization workers had a relative risk of lung cancer of 2.42 at 
an exposure of 3,000 ng/m® BP, so we may write 

unexposed British lung cancer rate * 1.0 

carbonization workers rate = 2.42 

increment per 1000 ng/m^ BP exposure - 1.42/3 = 0.47 

At the time of these surveys, the age adjusted United States national lung cancer 
mortality rate was just half of the British rate {17,38), so that taking this fact 
together with the relative risk of 6.9 for the United States topside workers, we 
may write 

unexposed U.S. lung cancer rale = 0,5 
topside workers rate = 0.5 x 6.9 = 3.45 

increment per 1000 ng/m® BP exposure = (3.45 — 0.5)/6.7 = 0.44 

This experience of coke-oven workers in the United States steel industry is 
thus in almost complete agreement with the British data, and the discussion of the 
British data in air pollution terms may be considered as applying to these data as 
well. 


C. United States Hot Pitch Workers 

Ir, a cohort study of '■nnPers working with hot pitch for more than 20 years, 
Hammond et al. {19} found a 1.59-fold increased lung cancer mortality rate 
compared to the general United Stales population. These workers were exposed 
to an average BP level of roughly 2000 ng/m^. Similar calculations to those 
given above for United Slates coke-oven workers shows that these data suggest a 
risk per unit BP exposure about one-third that calculated from the British car¬ 
bonization worker study. Some of this discrepancy may arise from using the 
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general population as a comparison group. In the British carbonization worker 
study the unexposed workers had lung cancer rates some 25% lower than the 
national figures; if this “correction factor” is applied to this study of roofers then 
the roofers, data suggest a risk per unit BP exposure about 65% that calculated 
from the British carbonization worker study. When one considers the crudity of 
the exposure measurements and their “summary” by level of BP alone, this level 
of agreement must be considered remarkable. 

D. “Urban/Rural” Differences in Lung Cancer Rates of 
Never-Smokers 

Haenszel and his colleagues {14, 15) obtained the smoking and residence his¬ 
tories for a 10% sample of all white female lung cancer deaths in the United 
States in 1958 and 1959, and for a 10% sample of all such deaths in white males 
in 1958. This data was compared to such information from a very large sample of 
the general population. These studies provide the clearest information on lung 
cancer risk by residential history in never-smokers: their results for “lifetime” 
residents of either urban or rural areas are given in Table IX. 

The urban/niral ratio for males is probably inflated by a spuriously low rate in 
rural men (rural women have a 28% increased rate compared to such men) and by 
some lung cancer from industrial exposure. In 1958-1959 the median concentra¬ 
tion of BP in urban air was approximately 6 ng/m’ and in rural air was approxi¬ 
mately 0.4 ng/m^ (57). Table VII shows that equating 15 ng/m-’ BP-AP to 1 
United States cigarette predicts an urban/rural ratio of 2.00/1.07 = 1.9, in almost 
complete agreement with the observed result of 1.7 for women. 

This level of agreement is again remarkable, especially when one considers 
that we chose 15 ng/m^ as a “representative” value for the possible values that 
could be calculated from the British gas-workers study, and also that the defi¬ 
nitions of rural and urban are not completely comparable in Haenszel’s 


TABLE IX 

Age-Adjusted Lung Cancer Death Rates p«r 100,000 
of Never-Smokers by Sex for ••Lifetime” Residents" 


■‘Lifetime’' 

Death 


DeatJi 


residence 

rate 

RR*- 

rate 

RR 

Urban 

12.5 

3.2 

B.4 

. 1.7 

Rural 

3,9 

1.0 

5.0 

- 1.0 


*' From Haenszel and Taeober { 15 ), Tabl* 23. 

'' RR = Relative risk compared to “Hfctime” rural 
residents. 
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epidemiologic studies {!4, 15) and in Sawicki’s air pollution studies {37). It is 
very reassuring that calculations based on extreme industrial exposure give re¬ 
sults very close to those one may have made using urban/rural differences in 
never-smokers, and it gives one a great deal of confidence in the results. 

Other studies of urban/rural differences generally support the above conclu¬ 
sions [see Pike et al. (34) for references], although no gradient was noted in the 
large American Cancer Society study {18). 


IV. CONCLUSIONS 

Considering the evidence as a whole, it appears most reasonable to equate 15 
ng/m^ BP-AP with 1 United States cigarette (old style) in terms of lung cancer 
risk. From this conclusion one may then estimate the “single cause lifetime risk” 
{30) (cumulative risk to age 70) for different levels of BP-AP (Table VIII). We 
note that even at the low BP-AP level of I ng/m® the lifetime risk is slightly 
greater than 1/1500. Environmental regulations are usually made to keep such a 
risk to I/IO' or even 1/10*‘. 
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